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SUMMARY
) ’ 5

Aerodynamic data on a low fineness ratio 25° half angle sphere-
cone reentry body are presented as functions of Mach number, Reynolds
number and angle of attack, and are used as inpute in a trejectory analysis
study. The aerodynamic data presented include force and moment derivatives,
base preesu.re.and skin friction data, and an estimate of the dynamic

«  stability for Mach mmbers up tc(M) 26. Also included 48 a detailed
pressure distribution analysis for Mach numbers (M)Z 4 and angles of attack
up to 15 degrees. These data vere obtained from & compilation, correlation,
and interpolation of many data reports from several sources.

As an aid in the selection of the minimum entry peth angle
commensurate with 1-p'act range requirements, nominal Scout launch vehicle
performance in the form of burnout range versus burnout flight path angle is
presented along vith impact dispersion as a function of entry angle. A
typical nominal trajectory and an accuracy amelysis showing the burnout
and impact deviations attributable to individual error sources are also
presented.

A digital computer reentry trajectory study was conmducted to
establish the most favorable center of gravity location and to determine
the individual effects of tip-off, mass unbalance and center of gravity
offset. The effect of c.g. location and of each of the individual
disturbances on the angle of attack envelope is shown. Center of gravity

offset was found to have a particularly sdverse effect on the angle of
attack history.




0-80801%

LING-TEMCO-VOUGHT, INC.
REPORY NO. NAGSA CR-66037

PAGENO. 6

The pitch frequency for the spinning body was determined for
‘the nominal trajectory and several off-nominal cases. Although roll-pitch
resonance was not experienced for any of the cases considered (there was no
roll lock-in or catastrophic yavw) conditions are identified which could

result in severe angular motions due to lock-in.
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INTRODUCTION

Among the configuations most acceptable for re-entry vehicles
are spherically tipped conical frustrums. These are basic aerodynamic
shaves and as such have been the object of extensive aerodynamic research
for a number of years. A considerable amount of data have accumulated for
a large range. of parameters, but a survey shows that many information
voids still exist.

An extensive literature survey was conducted to gather all
available informmation pertaining to the aerodynamic properties of sphere-
cones in an attempt to present in this report accurate aerodynamic
characteristics of a 25° half angle spherically blunted cone. The data
presented were obtain'ed from a correlation and interpolation of data from
many sources, including theoretical results.

As an aid in the selection of nominal burnout conditions, an
egtimate of impact range dispersion as a function of nominal entry flight
path angle was made using previously established "Scout" burnout errors.
On the basis of this estimate, a nominal entry angle that was compatible
with the impact dispersion requirements was selected and a nominal boost
trajectory was established. An accuracy analysis of this booster trajectory
was performed to re-establish burnout deviations. On the basis of these
burnout deviations an improved estimate of the impact dispersion was
established.

Using the aerodynamic data established herein, a six-degree
of freedom digital computer study was conducted to investigate the effect

of variations in center of gravity location on the dynamic behavior of
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the spacecraft during deseent through the atmosphere, On the basis of
this study & nominal center of gravity wvas selected and additiomal
trajectaries were computed to determine the individual effects of tip-off,
mass unbalance and centexr of gravity offset.

For conveniense im presentation, this report is divided into
four basic divisions; Aerodymsmic Stability Anslysis, Aerodynsmic Pressure
Amalysis, Impact Dispersiom Study, and Reentry Dynsmics Study., The
Asrodynsmic Stability Amalysis section presents the dsta pertaiming to overall
serodynamic performance, including normal faree coefficient, cemter of
Pressure locstion, pitehing momsnt coefficiemt, axial foree cosfficiemt,
and d-pi.ng;in-piteh derivatives, The Aerodynsmic Pressure Amalysis
section presents & theoretical method of obtaining the pressure distribution
over & sphere~cone &t angles of sttack. The Impact Dispersion Study
section rresents the results of & trajectory study of impect errcrs
resulting from deviations ia nominal booster performanee during a typical
re-extry trajectory. The Resentry Dynsmics study section analyzes effects
of mass unbalance and center of gravity travel on the vehicle motioms
during reeatry.

This study was spomsored by the Hxtional Aeronsutics and Space
Administration, langley Resssrch Center, and performed by the Ling-Temco-
Vought Astromsutics Division under Countract MAS1=3915, Work Item 8.

The work was performed for the Vehicles Performsnce Braaech of
the Applied Materisls and Physics Division and under the technical
cognisanos of Jaaes L. Reper and Robert L. Wright.
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LIST (F SYMBOLS

Ca - Integrated forebody pressure drag coefficlent measured along
axis of symmetry, not including base drag or skin friction
drag,

Porebody Pressure Drag/.5 ¥ P, e
CA - Integrated forebody pressure drag coefficient at zero angle
K=o of attack, cAo - A'b - CAf, or

) 1
Ca =1§——° ce(7) d7

oC =0

cAb - Base pressure drag coefficient, equal to [- cpb Sb/S]
Ca - Integrated skin friction drag coefficient measured along

g axis of symmetry, )

*"Skin Friction Drag/ .5 ¥ Py M°S

Ca - Total drag coefficient measured along axis of symmetry,

° Cp + cA'b + CA

f

Cm -~ Pitching moment coefficient measured about the moment

reference, Pitch Moment / .5 ¥ P, MSD

CM - Pitching moment coefficient variation with angle of attack
x at (= o0, i.e.
cu = ﬁ ‘ » per degree
X QX j =0
CM - Pitching moment coefficient variation with pitch velocity
% rate, i.e.
9 Cy
CM - — » ber degree or per radian
3 3( D
2V
CN - Normal force coefficient measured ngrmel to the axis of

symmetry, Normal Force / .5 ¥ B, M°S
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- Varistion of normal force coefficiemt with angle of attack

st (= 0, i.0,

c’oc ‘—gg-_l“"’

m-mmmw,.%%[l’ -1].

Poo
Stagnation pressure coefficient behind normal shock,

given by
43 { ) 2 ]

¥+l {3+ 3) &

Base presswre coefficient, (P, - P, )/a,, .
Surface pressure coefficient presented as a function of 7

Circumferential pressure coefficient at a meridian angle
on a sharp cone st angle of attack. .

Pressure coefficient on windward meridian, § = o, at angle
of attack on sharp comes.

Sharp cone pressure coefficient at zero angle of attack
given by tables of Kopal or Sims (Reference k).

Pressure coefficient at 5/R and {J obtained using the
"Mangent Sphere-Cone" method without the cross flow
modification.

Difference between CPTC at (B/R)T and C,

/_\cp = (CP'rc - cp¢) at (s/R)T

.e'

"

Reference length, maximum diameter of sphere-cone body, 2.5 ft.
Altitude from sea level, ft.

Pitch moment of inertia = 4.2 glug £t2

Roll moment of inertia = 3.2 glug rt2

Circumferential pressure distribution constant defined by
equation 8, page 31.
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Slant length of body, ft.

Free stream Mach mmber

Mach number behind normal shock

- Free stream static pressure, l’b/f‘l:.2

- Pressure at stagnation point behind normal shock, 1b/ft2
- Point, located on sphere-cone by coordinates s/R and @

-Surface pressure on sphere-cone at point p(s/R,@), lb/ftz,
or spin fregquency

- Averaged base pressure over base area, l.‘n/f‘l’.2
- Free stream dynamic pressure, 1/2 ¥P, M, 1b/rt2.

- Rate of change of pitch attitude with time, deg/sec.
- Axisymmetric radial body coordinste .

- Reynolds number, eve

/A
- Radius of spherical nose on sphere-cone bodies, ft.
i 02 2

- Reference ares, - » It

- Distance along a meridian line (points of constant @)
measured from the intersection of the axis of symmetry
to the point p(s/R, #), ft.

- Distance along a meridian path measured from the stagnation
point on a hemisphere to the point p(s/R,§) also on the
hemisphere, ft.

- Area of base over which fb acts, ft2.

- Normalized distance to the tangency point where pressures
in the conical overexpansion region reach the sharp cone
value corresponding to a cone angle LP

- Free stream velocity, ft/sec.

- Distance measured parallel to axis of symmetry froam nose to
the point p(s/R, ), ft.

- Distance measured along axis of symmetry from model base
to the moment reference center (center of gravity).
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- Distance measured along axis of symmetry from model base to
the intersection of the integrated force vector and the
axis of symmetry, ft., positive upstrean.

- Distance measured from the axis of symmetry to the inter-
section point of the integrated force vector and a line
normal to the axis of symmetry passing through the moment
reference, ft. (See Fig. 1).

Distance fraom axis of symmetry to the center of gravity
-measured along the Z-axis.

Angle of attack, deg.

- The angle of attack for maximum pressure on the windward
meridien of sharp cone, Reference 62.

Included angle on hemisphere defined by s/R.

Ratio of specific beats considered comstant (i.e. perfect
gas), ¥ = l.4 for air; or, flight path angle, deg. -

Angle defined by equation 6, page 31.

2
Pressure integration ordinate, (r/R) .

Cone semi-vertex angle, degrees or radiams.

Angle between the vertical windward meridian plane and the
meridian plane passing through the point p(s/R, #).

- Free stream air density, 1b sec2/ft”.

- Absolute viscosity of free stream air, 1b sec/fta.

- Included angle between the stagnation velocity vector and
the conical ray lying along the meridian line defined by
points of constant f.

- Ratio of roll imertia to pitch inertia, I./I = 0.762.

- Non-spinning body pitch frequency divided by the spin
frequency,

- C 9 SD

i
P I

- Spinning body high pitch frequency
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Spinning body low pitch fregquency

Correlation coefficient between velocity and altitude
errors.

Correlation coefficlent between velocity and path
angle errors.

Correiation coefficient betveen altitude and path
angle errors.

REPORT NG. NASA CR-66037
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DISCUSSION OF RESULXS

A. Aerodynsmic Stebility Analysis
1. Svmary
Aerodlynsmic stability data for a 25 degree sphere-cone are pre-
sented in this division. Longitudinal force and moment cosfficients and
dynsmic stability derivatives are estimated for Mach numbers up to M = 26
. and for angles of attack up to 15 degrees. Reynolds number effects are
also indicated.
In the appropriste sections below a discussion is made concerning
the extent of the literature semxrch, the range of parameters covered, a
brief synopsis of several theoretical methods considered for applicstion

2. Configurstion
A sketch of the basic configwrstion under study is shown in

Figure 1. The configuration comsists of a spherically blunted 25 degree
half sngle cone of bluntness ratio (nose radius to base dismeter) R/D =
O.l. The moment reference center is taken to be 0,.3635 base dismeters
from the base and on the axis of symmetry. The reference area and referemce
length for all coefficients are the base axres and base dismeter respectively.
Also included in this report are dsta on a 25° pointed cone as &
reference with vhich to compare blmnted cone data, The moment reference,
reference ares and reference length are the same for both configurations.
3. Discussion of Literature
A complete listing of all the literature collected and reviewed is
Kesented in the List otnerm, Section VI. The references are discussed

] |
' to this problem, snd a ‘discussion of the dste [resented.
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below according to their content, i.e., whether the report contains ex-
perimental data or theoretical results, or a development of a theoretical
method.

a. Experimental Data Reports

A summary of the contents of reports containing experiment
force and moment data is presented in Table I, Part A. The table presents
in semi-graphical form the experimental parameters presented in each report.

A review of Part A of Table I will show that the bulk of the
experimental literature presents data for cone half angles of 20 degrees
and less and bluntness ratios greater than 0.1. Since a unifying similarity
parameter is not presently available which will correlate bodies of different
cone angles and bluntness ratios, the use of much of the experimental data
was severely restricted.. Nevertheless, it was possible to glean from the
reports sufficient dasta to establish with reasonable accuracy the aero-
’dynamic coefficients.

b. Theoretical Data Reports

Part B of Table I briefly outlines the reports presenting
results of a theory with direct application to pointed or blunt cones.
These results include numerical solutions, closed-form solutions, graphical
correlations, and empirical design charts.

4. Discussion of Theoretical Methods

During the study, several theoretical methods of calculation were
investigated. Most of the theories were found to be applicable on a very
limited basis for blunt bodies of small fineness ratios. The theories which

were considered are as follows:
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a. Lighthill Slender-Body Theory
b- Von Karman - Moore Linearized Theory
¢c- Basic Shock-Expansion Theory
d. Second-Order Shock-IFxpansion Theory
e. Modified Newtonian Flow Theory

f. Method of Characteristics

a. The Lighthill Slender-Body Theory was considered for application

below a Mach number of 2.0 in the supersonic range. This method of calcu-
lation relates the local pressures to the variation of crogss-sectionsl area
and the slope of the body surface. The theory was actually developed for
pointed nose bodies, but reasonable estimates of aerodynamic characteristics
may be made using this method for some blunted nose bodies. The pressure
coefficients at points far from the stagnation point (i.e., not applicable

at stagnation point) may be calculated with reasonable accuracy for some

‘blunt bodies. For bodies having a fineness ratio of 3.0, the theory yields

values within a few percent of experimental data points over the aft 80% of
the body. TFor a fineness ratio of é.O, the errors are much larger - approxi-
mately 25% at the shoulder at M = 1.8, and 13% for M = 1.4. The entry

body investigated in this study has a fineness ratio of less than 1.0;
therefore, the accuracy would not be satisfactory even for the aft portion

of the body.

b. The Von Karman - Moore Linearized Theory was applied to the

body in an effort to establish the characteristics at low supersonic Mach
numbers. The theory replaces the body of revolution by sources and sinks,

with thelir strengths and distribution being determined by the body shape,
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and the surface local pressures are calculated by a step by step procedure
using the following general equation:

2
Cp=2u_ (V) (Ref. 5k)
v v

where u and V are the perturbation velocities along and normal to the stream-
lines, respectively. The method proved inapplicable for bodies having small
fineness ratios, and the equations only valid for very slender bodies.

¢. The Basic Shock-Expansion Theory was considered for use at super-

sonic Mach numbers. This method of calculation defines the flow at the apex
of a body by conical flow relations, and expands the flow downstream of this
point by the use of Prandtl-Meyer expansion relations. A prerequisite for
using the shock expansion method is that the bow shock must be attached, and
the flow downstream of the shock is assumed to be two dimensional. The bow
shock must be attached to apply the conical i;low relations at the apex,

and the theory requires that the flow is supersonic over the surface under
consideration. The entry body considered here would not satisfy the above
requirements; therefore, the accuracy of the values determined using this
method is not acceptable.

d. Second-Order Shock-Expansion Theory

This theory is similar to the Basic Shock-Expansion Theory
except that it is a higher order approximation. Generally speaking, the
theory cannot be used to determine the aserodynamic characteristics of a
sphere-cone for the same reasons that the Basic Shock-Expansion Theory
cannot (i.e., the bow shock must be attached, supersonic flow must be present
over the entire surface in question,etc.). An LTV IBM computer routine (LV-

VC-13) was used to test the applicability of the theory to sphere-cones,
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and the data obtained were unsatisfactory. The only way this routine
(Second-Order Shock-Expansion Theory) may be applied is to input the
aerodynamic characteristics of the hemisphere nose into the routine by
the use of a sub-routine, and then the theory will only be applied to the
portion of the body in supersonic flow. Of course, this procedure is not
beneficial, because the flow characteristics of the conical portion of the
body may be easily obtained using several other methods.

e. Modified Newtonian Flow Theory was used to calculate the aero-

dynamic characteristics of the body at high supersonic and hypersonic Mach
numbers. The theory assumes that the only particles of air affected by a
body are those which undergo collision with the parts of the body facing

the incident flow. On collision with the surface, the particles lose their
normal component of momentum and then slide along the surface conserving
their tangential component of momentum. The air particles have no effect

on the portion of the body surface facing away from the flow (i.e. the
pressure on the surface lying in the "aerodynamic shadow"” is equal to zero ).
The theory has proved to yield values of acceptable accuracy for blunt bodies
in many previous studies. The characteristics were calculated for the entry
body in this study by the use of an IBM TO90 computer routine, LIV-LVVC26
(Ref. 11). The results agreed with the values of experimental data obtained
in the literature survey and were used as a reference on some of the plots.

f. The Method of Characteristics was also considered for application.

Though the method is more exact in the solution of the flow over a body ﬁhan
the previous mentioned approximation methods, the time required to apply

the method is far greater than is allowed during this contract period. It
would be unreasonable to use the method without having an applicable computer

routine.
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5. Presentation of Predicted Coefficients
Predicted aserodynsmic coefficients are presented in Figures 2 through
12, The medictions are based om a compilation of experimental data and
application of theareticel results. Each parameter is discussed below under

& separate sub-sectiom,
as Newtonian Flow Solutions
Results of an IBM 7090 routine (Referemce 11) programmed to
obtain aerodynsmmic coefficients by imtegrating the Newtonian expression
for pressure coefficient are presented in Pigure 2, The Newtonian pressure
coefficient is given by

2
»*
CP-cp sin \/

vhere sin v = coso< sin A+ sinc< cos A cos &
and V-.;L-;L on hemispherical nose

or v = § on conical portion of body ,
A.'TZT"'!.F oa hemisphericel nose
or A= © on conical portion of body
b, Normal Force Coefficient
Figure 3 presemts the normal foree coefficiemt slope, Cx,, versus
Mach number and includes a comparison of all experimental data available for
a 25° blumt (R/D = O.1) cone and shaxp cone. Also included are results of
applicable theories.
AR independence of bluntuess is seen for Mech numbers less than
N=2, Vaygodcmlstimu-enfmemMW
with the exact Taylor-Maccoll come solutiom. This comperisca lemds eonfi-
dence to the other experimental data. Excellemt correlstiom is noted between
the design chart data of Ref. 3 snd the experimsmtal data for both sherp

aad blumt cones for the lower Mach mumbers,

(

!
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A notable discrepancy between the dste of References 1 and 8
is seen at Mach mmbers less than M = 1, It was necessry to interpolate
the data of Reference 8 to obtain points for @ = 25° amd R/D = 0,1, whereas
2o interpolation vas necesswy for the date of Referemce 1. Nevertheless,
it 414 not seem advisable to disregmxd either set of 4ata in favor of the
other, hence both are presented,

ﬁwsimtimtmitwuumwcl“-w
up to a = 15° at all Mach mmbers. This approximste linesrity is verified
in a mmber of references for a vide range of Mach mmbers, cone angles,
snd bluntness ratios. PFigure 4 presents a compilation of meny experimemtal
data points to test the linewrity assumption, The figure Mc'/ck
meknmm,mn-mmbm«-ghum. It is
mwwhaals‘thwmmc'anmhmtm%,
and insufficient dsta exist to predict a varistion vwith angle of atteck other
than a linear variation. Other references (2, 8, 9, 16, 17, 18 amd 23) report
similar observations without presenting supporting evidences,

¢. Center of Pressure

By definition, the longitulinal center of pressure location is
the intersection point of the axis of symmetry and the integrated foxce
vector, At this poimt the axial foree component of the imtegrated force
vector does mot produce a moment about the moment reference (assuming the
noment reference is loosted om the axis of symmetry and the integrated
mmuunmx-ypm)ummtmmtcmm'

O, = on, “pR—

is defined as
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maxaummmmmthomwwm
cetter of pressure locstiom, i.e. AXpp = Xop = Xog -

The vertical center of pressure location is defimed as the
intersection point of the 2 ~cooxrdinmgte passing through the moment reference
and the integrated force vecter. At this point the normal force component
passes through the moment reference, hence mroducing no moment, and the
pitching moment coefficient is defined as

- 2 Alcp
% 5 D

maz@ummwmtmemmmmwmm
center of pressure loostion, i.e. AZ;p = Zyg = Zcp -

The longitudinal center of presswre variation with Mach number
is presented in Figure 5. As predicted by Newtonisn theory, Figme 2, the
mtmmamm,u@,mmmuthmeam

This is verified in References 8, 9 and 22, emong other references, for both

pointed and blunt comes, It should be noted that this characteristic is not
general and is valid for comes of mmall bluntness and moderste cone angles.

For comparison, shaxp 25° cone data are included in Figure 5.
The theory curve is obtained from Stones pertubstion to the Teylor-Maccoll
solution (Ref. 9) and has besn shomn to cbeck with experimental dste very
well for all come angles less then ¢ = 50°, The experimental points re-
sented for the blwted cone were obtained from an interpolation of the data
in the noted referemces. Awummmmum&-uo1
and Referemce 8 for sonic and subsonic Mach mmbers. Both sets of data are
presented since it 4id not sesm advisshle to disregmd either one.

The variation of the vertical positiom of the cemter of pressure

with amgle of attack from Newtomisn theory is seen in Figure 2,
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4, Pi Moment Coefficient
Mummmmmmn,e.c,um-
a function of Mach mmber in Figwe 6, These data are obtained from Figures
3 sad 5 as followss

cu“'cl.A‘lxsg' s (BXgp = Xop = Xeg ) .

The discrepancies between References 1 and 8 which showed wp
in both Cy and X, date ere tramsferred to the Mitching moment date. The
ﬁtmuMMmmuﬂMthmtrdmmmm
in Figure 1.

e mm-rggm,mmmm,

The forebody axial farce coefficiemt st zero sngle of atteck
um»;ﬁnetionorhchm-bcrinrum% Experimental and

,tmimmuummmrmmmththbm

cenes., These data do not inclnde base mressure drag.

Integrated pressure data are presented from Reference 3 for
& 25° shaxp cone at o = 0 amd 0,7 S M<2,0 and from the pressure distribution
data obtained from Division B of this report. The equation of imtegration wes:

= [ (P ay
M7-(r/3)2-lc’(7)uthmeo¢ﬁdmmua
Miuof*?.

The date show that up to M = 2 the foredrag is practically
independent of bluntness, for small bluntness ratios., Excellent correlation
is noted between the integrated essure data of Reference 3 and the
integrated pressure dste of Reference & (i.e., Taylor-Naceoll) at M = 2.0,
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The dependence of forebody drag coefficient on angle of attack
is shown in Figure 8, mm.isnm-lizdumgc‘utc-Ouﬂ
data for msny cone sngles, bluntness ratios and Mach numbers are presented.

The skin friction drag coefficient variation with Mech number
and Reynolds number is shown in Figwre 9. These data were obtained from
the flat plate solutions of Van Driest (Ref. 19) and modified to a 25°
sharp cone using the so called "coue rule” developed by W, Mangler as
presented in Referemce 57,

Figure 10 mresents accumulated base pressure drag data from
many sources. Foxr M > 1 the base drag coefficient is fairly independent of
body shape provided that the boundary layer is turbulemt at the base. For
M < 1 the base drag coefficient becomes a complicated function of Reynolds
m,mm&ww.

In gemeral, base pressure drag dsta obtained in wind tunnels
are comsidered unrelisble due to sting and wall interference effects,
Consequently, many of the references Iresenting experimental data delete
base pressure informstion. Reference 21 presents a semi-empirical method
of calculating base pressure drag at all Mach numbers based upon s correla-
tion of theory and experimental data for shexrp and blunt comes at zero lift,
Although the sccwracy of the prediction method of Referemce 21 is not stated
the data vere used extemsively, to aid im the curve fairing of Figwre 10.

A final dreg eurve, showing the total drag at zero lift, is
shown in Figure 11, The total dreg coefficiemt, c%,umc_szm

c‘o-cA«-o+cAf+cAb
mmmmmammuw.n1.6:m5,-o
mckmmmmntmmmm.
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f. Demping-In-Pitch Derivative

The dsmping-in-pitch derivative is presented as a function

of Mach number in Figure 12,

Reference 7 wvas used to establish g trend snd

the Newtonisn soclution was used to esteblish a level for the predicted curve,

mwmac.quthmmmmwmuw

to be qualitative, although not quantitative, and wvas established from
observed behavior of similar bodies, Very little ixformetion was found

mthntmtmtomtmaecm“twcdcuqnmdm

differext from zero.

6. Degree of Uncertainty

The estimated sccuracy of predictions presented in Figures 2
through 11 is indiexted as follows:

éc'u -

€ xc!./n -
€ cAB -
€C, -

Gc" -

<0015
«0008
ol
<05
«01

3’-_-0""37‘

<02
«008
<005

WO W W

for 0 <M <0.7} [£.0005 for 0.7 < <h.0],
for <X <as].

for 0<M<l., [£.01 for 1.1<M<25].
for o<n<o.7], [3.02 for 0,7 <M< h],

for b <M<25).

for 0<M<.6) [+ .01 for .6<N<3],

for 3 <M<26].

for 0 <M<d], [+.002 for écl<ﬁ:,.

These estimates are based upon correlation of experimsmtal data,

smount of date aveilable, cemparisom with available theory, and am intuitive
appraisal of dats relisbility.
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B. Pressure Distribution Analysis

1. Summary

A technique is developed to predict the pressure distribution over
a sphere-cone body at moderate angles of attack and supersonic Mach numbers’
M 34. The method is verified with experimental data from various sources.

The technique herein developed is applied to the problem of a sphere-
cone with a 25° half angle conical skirt. The pressure distribution is
pPredicted along meridian lines which converge at the axis of symmetry.
Pressure coefficient variations are obtained at o< = 0, 5, 10 and 15 degrees,
M= 4, 10 and 15, and along eight meridian lines using the so called "Modified
Tangent Sphere-Cone" method. |

2. Configuration ‘Description

For the purpose of this division the configuration under study is a
semi-infinite spherically tipped conical frustrum. Points on the surface
are located by two coordinates, s/R and ¢. The mejor symbols used are

identified in the sketch of Figure 13.

3. Discussion of Literature

An extensive literature survey was conducted during this study in
search of pressure data, both experimental and theoretical, related to sphere-
cones. A very limited amount of experimental data were available, and the
majority of the theoretical data were for zero angle of attack only. A
complete summary of the results of the survey is presented in Table II._

One of the most comprehensive pressure data sources found during
this study was Reference 61. These data were obtained from detailed
characteristics solutions on sphere-cones at various Mach numbers.

Pressure coefficients are tabulated as a function of normelized surface
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distance (cp vs. 8/R), at zero sngle of sttack. The pressure m:lbtrbi@
vere given for cone angles of 0, 5, 10, 20, 30 snd MO degrees, snd for Mach
mumbers of 3, ¥, 6, 10 and infinity. These date are presented im Figureslk
through 17 for the various cone angles, snd interpolated curves for addi-
tional come angles are also imcluded.

Figure 15 presents g comparison of theoretical and experimemtal
dste at Mach mmbers near 6. Experimemtal dsta from Reference 71 are com-
pared to theoretical date for cone angles of 10, 20 and 4O degrees st M =
5.8, Experimental dsta from Reference 69 for 9 = 15 degrees snd M = §
compare favorably wvith interpolated curve shown in Figuwre 15, Other
compearisons between experiment snd theory are shown in Figure 17.

Comparisons butwesn theoretieal results sre shown in Figure 18,
Data from Referemces 66, 67 spd 68 are compsred to data from Refereace 6l.

Agreement is shown to be very close betweem all theoxretical results. The

small variations betwean theories are believed to be dus to real gas effects.
It should be noted that Reference 67 uses; as a correlation parsmeter, the
specific heat ratio behind a normal shock wave, For presextation of these
dste in Figure 18 a specific heat ratio of 1.22 vas used. Theoretical dats
fruwmﬁmmmohHMISformmd?.%m
gero degrees.

The close agresment between experimental and thecretical date from
seversl sources tenis to verify the validity of the theoretical data from
Reference 61.

Figuwe 19 presents (for a 15° sphere-cone st a = 10°), a comparison
of experimentsl data to theoretical values caloulsted by the method used to
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obtain the final predicted pressure variations. A similar comparison
is made in Figure 20 for a UO° cone at &« =8°. The close agreement of the
values indicate that the method used herein to establish the pressure dis-
tribution of the 25° sphere-cone is valid. This method is discussed in detail
in the next section.

In addition to the data obtained in the literature survey, an attempt
was made to apply two LTV computer routines (References 11 and 40), but the
data did not prove satisfactory, therefore, were disregarded.

4. Method of Pressure Prediction

a. Basic Tangent Sphere-Cone Method

As stated before, Reference 61 includes a very comprehensive
and detailed pressure distribution analysis on sphere-cones at several Mach

numbers. It was decided. to utilize the data in Reference 61 as much as

possible by interpolating the results to include other cone angles. The results

of the interpolation are shown in Figures 1} through 17.- Included in the
interpolated data is the pressure distribution on a 25° sphere-cone at zero
angle of attack and four Mach numbers.

A method very similar to the "tangent-cone theory' was used to
predict the pressure variation along a meridian line at a.ngles of attack.
This method, in its simplest form, is to calculate the included angle be-
tween the meridian line on the cone surface and the free-stream velocity
vector (call this anglel}’) and to use the data from Figures 1} through 17
corresponding to the angle Lf' as thé pressure variation along the meridian
line. From spherical trigonometry the relation between L{) s C , 6 and ¢ is

(1) gin § = cosoC sin O + sinoC cos © cos § -
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This simplified method assumes that the streamlines near the
body radiate from the stagnation point along a meridian path to the sphere-
cone Junction where they are abruptly turned to follow a conical ray.
Consequently, the circumferential pressure distribution around the conical
portion is established solely from flow expansion over the hemispherical nose,
and the effects of cross flow are neglected. The errors involved with this
method vary directly with angle of attack and inversely with Mach number.

. In order to reduce the errors at high angles of attack a correction
was applied to the basic tangent-sphere-cone method described above. The
correction essentially introduced a crossflow termm to the conical portion
of the body sufficiently far downstream of the nose and extended the correction
upstream to the sphere-'cone junction. A more detailed explanation of how

this correction was derived and applied will be given following a discussion

of the pressure distribution on the spherical portion of the sphere-cone body.

b. Pressure Distribution On Spherical Nose

A number of authors have obtained solutions to the hemispherical
blunt body problem. Notable solutions are found in References 61, 63, 65, 66
and 68. Figure 21 presents the data from Reference 61 which is identical to
the solutions from the various other sources. These data are presented for
several Mach numbers and a comparison is made with Newtonian theory.

The hemispherical pressure distribution presented in Figure 21
is shown for zero angle of attack, i.e. the stagnation velocity vector is
coincident with the longitudinal reference axis.(For a sphere-cone body of

revolution the longitudinal reference axis is also the axis of symmetry).
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Thus streamlines and meridian lines are coincident at zero angle of attack,
and the pressure distribution is symmetrical about the longitudinal reference
axis. For cone half angles ©<45° and M 7> 3 the sphere-cone junction is located
in locally supersonic flow, hence the conical skirt has no effect on the pressure
distribution over the spherical portion up to the sphere-cone junction.

At angles of attack (zero yaw) the stegnation point moves along

the vertical meridian a distance

Streamlines then radiate from the stagnation point in a symmetrical pattern

about the stagnation velocity vector for a distance

(3) '%L-(%- - & —-x)

which is the arc distance from the stagnation point to the sphere-cone junction

at § = 0. Analytical results vere not available to predict a pressure variation

' "
along the streamline path between 51 a -g- - ©® -o) and 81 = 5~ ~ ¢ (sphere-
R

R
cone Junction) for meridians other than Q = 0. For the purpose of this report

it is assumed that all streamlines follovw exactly & meridian path between
the stagnation point and the sphere-cone Jjunction, and that the pressure variation
along the-psth. ie:given by .the data in Figire 21, -The validity of this
assumption should be investigated further although it is believed that
for moderate angles of attack the aasumption yields good accuracy.
It nov remains to compute the pressure distribution along meridian
lines on the hemispherical nose. The relation between the sides and angles
of an oblique spherical triangle is

(%) cos fni-cos' cosox + sin 8 sincK cos ¢ .

R R
Using this equation for a given < and meridian line defined by § a relation

between ;_1_ and %13 obtained. Then, the pressure at any point p(g, ©)
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can be found by first finding its distance from the stagnation point, 51, and
tﬁen take the pressure corresponding to this distance from Figure 21,

Pigures 22 through?2), present the pressure coefficient variation
along eight meridien lines (¢ = 0, 30, 60, 90, 180, 210, 2k0, 270) to t.1a
for angles of attack of 5, 10, 15 degrees and for M715. Data for other
Mech numbers can easily be obtained using equation (4) and the method described
above, although as seen in Figure 21 there is little dependence on Mach

number except near the stagnation point.
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¢. Modified Tangent Sphere-Cone Method

As mentioned before, the pressure distribution along a conical
ray of a sphere-cone body at angles of attack can be determined approximately
using the tangent sphere-cone theory described earlier. This theory may be
improved somewhat byobtaining the actual circumferential pressure distribution
on a sharp cone at angles of attack and applying the results sufficiently
far downstream from the nose.

Reference 62 presents a method of predicting the circumferential
pressure distribution on a sharp cone at angles of attack. The method is
semi-empirical in nature and the pertinent equations are reproduced here.

The circumferential pressure distribution is given by

(5) Cp = =1.1 cos3 3—5—— + .00097§ - .15 cos3(x+ ) s1n3§ -0.1
Cp¢ P O
where

and pris the pressure coefficient on the vertical windward meridian and
is given by

- 2 §°<+92“Z2
() Copp=0 =Ksin 5

max

Equation (7) is modified somewhat from that presented in Reference 62 so that
Cp =0 wlll reduce to the exact cone pressure at & = 0. Thus,

(8) K= Cpy. o 8in° o ()

vhere Cp, - o 15 the exact cone pressure from Reference 4 andXPpoy is a-
function of cone angle and Mach number given on a chart in Reference 62.
For € = 25° and M =60, 7, 4 and 3,X Pygy = 57.0, 55.9, 54.0 and 51.9

respectively._ The circumferential pressure distribution can now be found from
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(9) ¢p = cpf=o<[g§’=o

using equations (5) and (7). The results for @ = 25°, four angles of attack
and three Mach mmbers sre presented in Figures 25 through 27.

The pressure distribution o the conical skirt of a sphere-come
body far domnstresm from the nose approaches the shwrp cone values, This is
seen in Figures 1li through 17 at c = O where the sharp cone asymptote wvalue
for each curve is obtained from the tables of Sims or Kopal. It follows, them,
Mﬁ_“]ﬂcfﬁtuktheinut“tidmmwmmwl
sphere-cone body will appreach that of a sharp come sufficiently far down-
stream from the nose. An sassumption must be made, however, to extend these
shaxrp cone data into the region of overexpension. This report assumes that
the difference detween the tangent-cone asymptotic pressure coefficient
(1.0.thmumeo'dricimtmnslm'pcmotmm\f)mthe
actual essure coefficient obtained from Figures 25 through 27 is applied as
s linesr function of & between the sphere-cone junction and the asymptotic
tangency point obtained from the tangent sphere-cone method.

Mathematically, the pressure coefficient at any point on the cone
between the sphere-cone Junction, = & - 0, and the asymptotic tangency
point, (gly is eiven by

(10) C, = Cprc ~4Ac,

(i)!
vhuiemhthcmsmeodﬁeidtgimbythchagntsm
method from Figuwres 1k throwgh 17.
cwiothcllurpmmmmnrummuatgim‘
in Figwes 25 through 27,
Ac is the difference between C .t(g)!-nlcu; 1.e. ACy =
(Cyrc - Cpg)st (R)yy0nd ()y 18 the tangmcy poixt where the pressure

5-!--9'
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obtained from Figures 1l through 17. Predicted pressure coefficient data

" on & 25° sphere-cone at angles of attack up to 15° obtained by this method

are presented in Figures 28 through 39.

A check on the validity of the method used is shown in Figure 19
for a 15° sphere-cone body. Experimental data from Reference 62 is compared
to the present method and to the "Tangent Sphere-Cone” method. Unfortumately,
experimental data on the leeward side of the body were not available.
Experimental data for a 15° sharp cone are also included as a check on
the predicted circumferential pressure distribution.

The only other experimental data suitable for analysis were found
in Reference 7l. These data were for a 40° sphere-cone at (= 8° and
comparison with the predicted results is shown in Figure 20, It is believed

that the discrepancies are largely due to viscosity effects.

5. Presentation of Final Predicted Pressure Coefficients

Figures 25 through 39 present the final predicted pressure
coefficient data on a 25° sphere-cone. These data were obtained using the
"Modified Tangent Sphere-Cone" method described in section 4.c. Pressure
varations are presented along meridian lines eminating from the axis of
symmetry for se\ver-.l meridian lines, angles of attack, and Mach numbers.

Specifically, Figures 23 through 36 present the pressure variation
along eight meridian lines, each at o(= 5, 10, and 15 degrees and Mach
numbers 4, 10, and 15. Figures 37 through 39 present data in the vertical
meridian plane ( ¢ = O and 180 ), each at & = O, 5, 10, and 15 degrees

and Mach numbers 4, 10, and 15.
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6. Degree of Uncertainty

Although flow solutions by the method of characteristics are
considered the most exact solutions thus far obtainable, viscosity
effects are neglected. In most cases these effects are small enough
to neglect, but under certain conditions these effects may be considerable,
for example © = 40°, Figure 15. For large cone angles the shock wave lies
close enough to the conical afterbody to induce a possible boundary layer-
shock wave interaction. Thus, the accuracy of prediction is believed to
suffer most along the windward meridian ( § = 0 ) at high angles of attack.
Except in the vicinity of the sphere-cone Jjunction where the
viscosity effects are most noticeable, the expected mean prediction
accuracy is cp = #0.015. This accuracy figure is based upon a correlation
of experiment and theory and an intuitive appraisal of test results,

validity of assumptions, and anticipated viscosity effects.
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C. IMPACT DISPERSION STUDY

This division presents the results of an anlysis under-
taken to define the re-entry path angles which produce, for a given
set of booster burnout deviation, one, two and three sigme total
impact range deviations of 4LOO n. mi. Utilizing a standard NASA
Scout configuration, a nominal boost trajectory was developed which
satisfies each of the above derived re-entry path angles. The nominal
trajectory corresponding to the two sigma re-entry angle (which
produces a range deviation of 40O n. mi.) was then used as a basis for
an accuracy analysis. The boosterk errors were separately imposed
upon the trajectory and the burnout and impact deviations statistically
combined to define the standard deviations in burnout and impact
conditions for this particular re-entry angle.

The Scout booster vehicle configurastion used in this

analysis consisted of the following rocket motors.

Stage One - Algol 1IB
Stage Two - Castor I1
Stage Three - ABL X 259
Stage Four - ABL X-258

2. Impact Dispersion Study

The first part of this study was to determine the eatry path

angle which, for a given set of booster burnout deviations, would
produce one, two and three sigms impact range deviations of 40O n. mi.
The standard deviations and correlation coefficients used in these

computations were defined in Reference 92 and are:



N

C-30891

LING-TEMCO-VOUGHT, INC.
REPORT NO. NASA CR-66037

PAGE NO. 36

Standard Deviations Correlation Coefficients
V (velocity) = 62.3 ft./sec. BAVA"(" -.1705
h (altitude) = 3.24 n. mi. ‘OAvA = -.179
¥ (entry angle) = .293 degrees Pakav = .T06

Impact range deviations were calculated on a three
degree-of -freedom trajectory routine (Reference 93) which incorporates
an oblate rotating spheroid earth model and a 1962 ARDC atmosphere model.
The ﬁiml entry velocity and altitude were assumed to be 26,000 ft./sec.
and 433,000 feet, respectively. Figures 4O, 41 and 42 show impact range
deviations as functions of velocity, altitude and flight path angle
deviations for several nominal entry path angles (the angle between the
local horizon and tk;e vehicle air relative velocity vector).

Range deviations obtained by separate statistical combinations
of one, two and three sigma velocity, altitude and path angle errors
are shown in Figure 43. Pogitive and negative range deviations were
combined separately to show the non-symmetry of the impact distribution.

Total range deviation was plotted as a function of nominal
entry flight path angle and is shown in Figure Lhi. Entry angles
corresponding to one, two and three sigma total range deviations of
LOO n. mi. were found to be -3.4l4 degrees, -k.53 degrees and -5.77 degrees,
respectively. A nominal Scout "gravity turn" boost trajectory was
designed which achieved the -4.53° entry angle along with an entry
velocity of 26,500 ft/sec at an altitude of 433,000 ft. A range
altitude profile of this nominal trajectory is shown in Figure US.
Gravity turn trajectories for the -3.44® and -5.77° entry angles were
also computed to determine the variatidn of total range to impact as

a function of nominal angle. This variation is shown in Figure 46.
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3. Impact Dispersion Analysis
An impact dispersion analysis was performed for the -4.53 degree

entry angle. The effect of each significant booster error source on
final burnout conditions of the Scout booster as vell as impact range
of the payload was determined by trajectory calculations separately
incorporating each error source. These calculations were combinations
of six and three-degrees of freedom trajectory simulations. The first
stage of the boost vehicle was simulated in six-degrees of freedom in
order to accurately simulate the launch dynamics and the effects of
winds and thrust misaligmment. A three-degree of freedom simulation
vas adequate for the upper stages and was used in order to conserve
machine computational time.

The results of these calculations are shown in Table TYII.
The deviations from the nominal value of the re-entry parameters of
velocity, altitude, flight path angle, angle of attack and impact
range are shown for each error source. For most of the error sources
both the plus and minus 3 sigma values were run. The RSS value is
based on an average of the plus and minus deviations, since they
are esgentially linear. It is of interest to note that the largest
velocity errors are those produced by fourth stage motor .data , winds
and second stage deadband errors. The significant alsitude errors are caused
By first and second- stage motor data, drag variations and second stage
deadband errors. Angle of attack and flight. peth angle deviations |
are most strongly a function of guidance, deadband and tip-off errors.
The impact range deviations are influenced strongly by most of the
errors vith the exception of vinds, thrust misalignment and fourth
stage motor data. The bottom line on Table III shows the RSS value of the

average values.
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Standard deviations in each of the important fourth stage -
burnout parameters were computed from Teble III using the RSS

technique and are shown below.

Parameter Standard Deviation
Velocity 61 ft/sec
Altitude 2.70 n. mi.
Flight path angle .25 deg.

* Range 2.60 n. mi.
Angle of attack .382 deg.

Correlation coefficients were computed as described in Reference (92)

and were found to be

Pavag - -.118
PA\IA*‘ = -.042

The "two sigma™ total deviation in impact range was computed by root

sum squaring the average deviation produced by each error source and was
found to be 374 nautical miles. Root sum squaring positive and negative
deviations separately resulted in "two sigma" deviations of +205 n. mi.
and -169 n. mi. An estimate of the "two sigma" range dispersion as a
function of nominal entry angle appears in Figure 47. This estimate is
based on the burnout deviations and correlation coefficients for the -4.53

degree entry angle rather than those from Reference 92.
D. Reentry Dynamics Study

1. Sumery
This division presents the results of a study of the reentry

dynamics of the subject vehicle. Reentry trajectories were computed to

determine the most aft center of gravity limit which would cause angie
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of attack excursions not to exceed 2 degrees and to investigate the
effects of tip-off, mass unbalance, and center of gravity off-set.

A roll-pitch frequency analysis was conducted to determine the natural
frequencies of the vehicle and to define regions of roll-pitch resonance.
2. Trajectory Analysis

A 8ix (6) degree of freedom digital computer study was

conducted to investigate the effect of center of gravity location on
the dyngnic behavior of the spacecraft during descent through the
atmosphere. On the basis of this study, a nominal center of gravity
wvas selected and additional trajectories were computed to determine
the individual effects of tip-off, mass unbalanee and center of gravity
offset on the angle of attack envelope. Data are presented which show the
effect of center of gratrity location and of each of the disturbances on
the angle of attack envelope.
a. Simulation

The entry vehicle was simulated as a six (6) degree of
freedom rigid body using the LTV NEMAR trajectory routine. This routine
is described in detail in Reference 93.

Mass unbalance vas simulated as an Iu product of inertia.
Since the basic NEMAR routine does not have provision for including a
product of inertia term the equation for calculating body axis angular

rates (equations 4.04 of Reference 93) vere modified as follows,
Pa=(Bx Izz + B Ixz) /(Ixx Izz - Ixza)

Q = By /I,

R= (Hz Iyx + Bx Ixz)/(In I,z - Ixza)
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where H,, Hy, Hy are the components of angular momentum of the vehicle
about its body axes in ft/lbs; Ixx, Iyy, I,, are the moments of inertia
of the vehicle about the body axes in slugs ft2; Ixz is the product

of inertia between the x and z body axes in slugs ft2.

A center of gravity offset was simulated as a displacement
of the center of gravity along the negative z-axis measured from the
axis of symmetry, as defined in Figure 1. Thus, an additional x-axis
moment .of (Zcg Ry) and an additional y-axis moment of (Z.g Nx) vere
introduced into the NEMAR time rate of change of angular momentum
equations (equations %.03, Reference 93).

The following vehicle characteristics were used in the
simulation. .

Weight - 192 1lbs.

Pitch and yaw moments of inertia - 4.2 slug ft2

Roll moment of inertis - 3.2 slug ft°

Diameter - 2.5 fit.

Base Area - 4.9 sq. ft.

Axial force coefficient ve. Mach no. - Figure 11

Normal force derivative vs. Mach no. - Figure 3

Center of pressure vs. Mach number - Figure 5 (Fwd value)

Pitch damping derivative vs. Mach number - Figure 12

b. Effect of Center of Gravity Location

The purpose of this analysis is to determine an acceptabie
aft center of gravity limit. The criteria for an acceptable limit is
that the angle of attack envelope not exceed two degrees, especially in

the regions of high heating and high loads.
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A reference trajectory was computed using the center of
gravity specified in Reference 91, 0.3835 diameters forward of the
base. Values from this trajectory were then used to explore the low
speed regime to define an acceptable aft center of gravity limit since
in this region the vehicle exhibits the least stability.

Center of gravity locations of 0.20 D, 0.2k D and 0.28 D
were selected and trajectories computed psing the following initial
conditiéms. These conditions correspond to a time of 2i3.2 seconds after

burnout as determined in the final nominal trajectory.

Mach Number 1.16

Altitude 67909 ft.
Relative'Flight Path Angle -34.099 degrees
Spin Rate 3 cps

The initial pitch and yaw rates were zero as well as the
roll angle and aerodynamic angle of attack. A mass unbalance of 20 oz-in?
was included.

Angle of attack time histories for these trajectories are
shown in Figure 48. The 0.20 D and 0.24 D CG positions were found to
cause divergence and were sbandoned. The 0.28 D position did not diverge
but did reach a large maximum angle of attack which appeared unacceptable.
Consequently, this case was re-computed starting with burnout conditions
to insure that results from the short rums, stﬁrbing at M= 1.16, were
valid. The results of this latter run, shown in Figure 49, correlate
well with the data of Figure 48 and show that the short rums provide

valid results.
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Unless othervise specified, the initial conditions are those
which exist at burnout. These conditions are listed below.

Mach number 16.42

Altitude, ft. " 433,226

Relative Flight Path Angle, deg. -%.53C

Relative velocity, ft/sec 26,500
Angle of Attack, degrees 1.15
(3 sigma value)

A tip-off of 1 1lb-sec, acting at the separation plane, and
& mass unbalance of 20 oz-1n.2 were included as specified in Reference 91.
The vehicle was initially oriented (roll angle = 90°) so that both the
mass unbelance and initial pitch rate (due to tip-off) tend to initially
cause a positii}e angle of attack. In other words, all disturbances and
initial conditions were oriented or produce the largest possible angle
of attack. The initial spin rate is 3 cps.

As a result of these exploratory studies, a CG of 0.32 D
was selected as a probeble aft limit. A trajectory was computed for this
case, starting from burnout. The angle of attack time history, presented
in Figure 49, was considered to be satisfactory. Consequently, a CG
position of 0.32 D was selected as the aft limit and used for all of
the subsequent analyses. The initial angle of attack shown on Figure 49
is 1.15 degrees plus the effect of the 1 1b/sec tip-off jmpulse. Since
the tip-off impulse produces a different moment for different CG positions
the initial angle of attack is different for the two runms shown.
The initial angle of attack buildup (Figure 49) is due to a downward

rotation of the velocity vector that occurs before the dynamic pressure
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attains sufficient magnitude to cause the aerodynamically stable

‘vehicle to tend to follow the velocity vector. The c.g. position

has very little effect on the magnitude and damping of this initial
angle of attack buildup. After a higher dynamic pressure is reached
thg angle of attack is reduced essentially to zero. (This initial
angle of attack buildup could be avoided by programming the booster so
that burnout occurs at a slightly negative angle of attack of
approximately 4.5 degrees. ‘The normal rotation of the velocity vector
would then reduce the angle of attack to zero after approximately
80 seconds.) The angle of attack then remains very small until & lower
Mach mumber is reached and the center of pressure shift reduces the
stability of the vehicle to0 the extent that the vehicle cannot follow
& rapidly pitching velocity vector. Subsequently, the pitch rate of
the velocity vector reduces and the aerodynamic stability again reduces
the angle of attack to a smsll value. The magnitude of this low speed
angle of attack buildup is dependent on the aerodynamic stability and
thus, is obviously very strongly related to the c.g. positiom.

The Mach number and dynamic pressure for these trajectories
are presented in Figure 50.

The ranges of accelerations at the CG and body axis angular

rates as determined from these trajectories are shown below,

Xcg = .28D Xeg = .32D
Accelerations (g's)
longitudinal O to 11.4 0 to 11.4
Normal and traverse +.85 to -.85 +.45 to -.k5
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| Xeg = -28D Xcg = -32D
rates (doa/ece)
Pitch and Yaw 365 to -65 +#0 to ko
Roll 1080 1080

These trajectoriee incorporated the 1 lb-sec tip-off impulse and
20 oz-in? mass unbalance disturbances.

‘"¢. Nominal TraQectorz

In order to determine the effects of individual distmrbences
on the angle of attack envelope, a trajectory with no disturbances is
required as a reference. A nominal no-disturbance trajectory was computed
using the burnout initial conditions except that the initial angle of
attack vas zero. The angle of attack envelopes for the nomimal
trajectory and disturbance trajectories are shown in Figure 51, 52, and
53. It 18 interesting to note that the Mach number and dynamic pressure
time histories for these cases show no significant variation from
those presented in Figure 50.

In the following paragraphs, which discuss the effects of
individual disturbances, all conditions are the same as for the nominal
case except &8 noted.

4. Rffect of ‘lip—orr

The effect on the angle of attack envelope of a tip-off
impulse of 2 lb-gec. acting at the separation plane is shown in Figure
51. The 2 lb.-sec. tip-off impulse was simulated as an initial pitch
rate of -21.8 degrees with the vehicle initially rolled 90 deg:ees to

cause the displacement of the cone center to be upward and thus have the
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greatest effect on angle of attack. The nearly constant increment in

angle of attack seen in Figure 51 is due to the coning motion and the
upward displacement of the cone center. When the region of high dynamic
pressure is reached the coning motion is damped and the angle of attack
is reduced to zero. The remaining portion of the angle of attack
envelope is not affected by the initial tip-off impulse.

e. Effect of Mass Unbalance

The effect of a 50 oz. in.2 mass unbalance (Iy, = .000 675
slug £t.2) is shovn in Figure 52. The 1.5 degree deviation from nominal
that occurs at 118 sec. is due to roll pitch resonance. This motion
is quickly damped and should be of no particular consequence. In the
lovw Mach mmber re'gion th? lov aerodynamic stability allows the mmss
unbalance to produce a slight coning motion which increases the angle
of attack envelope by approximately 0.8 degrees.

f. Effect of Center of Gravity Offset

Preliminary trajectory calculations with center-of-gravity
offsets of 0.1 and 0.2 inches indicated that a vehicle with a c.g. offset
would rather closely. follow the nowminal angle of attack histories except
in regions of roll-pitch resonance vhich occur at approximately 120 seconds’
and 235 seconds. During these regions the preliminary trajectories in-
dicated that large deviations in angle of attack occurred; hovever, due
to the amplitude and frequency of the motion involved the integration
error control used in these preliminary calculations was judged to be
inadequate for accurately defining the amplitudes of these deviations.

It is interesting to note that the integration error control that was

adequate for calculatimg the motion resulting from the other disturbances
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vas not suitable for calculating the motion resulting from a c.g. offset.

"J.‘his is 80 because for a given error comtrol (truncation error control)

more integration steps are required for a cg offset run than for say

a mass unbalance run. Therefore, for a given period of trajectory time
the cg offset run will require more integration steps. The larger
mmber integration steps produce a larger accrued build-up in truncation
error in the variables of integration. To control this accrued error
the error control must be tightened (allow a smaller truncation error)
but this process requires smaller integration steps and hence longer
computational times result for the same period of trajectory time.

Since tightening the error control to a suitable level resulted in an
almost prohibitive computer time requirement for an entire trajectory,
trajectories were computed only in the region of roll-pitch resonance.
Trajectories starting at 80 seconds and ending at 160 seconds were run
to define the response to the roll-pitch resonance that occurs at a high
Mach number and trajectories beginning at 220 seconds and ending at 280
seconds vere run to define the response to the low speed region of roll-
Pitch resonance. The initial conditions for the low speed region
trajectories were based on preliminary computer runs. Trajectories

of this type were run for c.g. offgets of 0.1, 0.2 and 0.3 inches.
Results of these calculations are shown in Figure 53. It can be s?en from
Figure 53 that the response to roll-pitch resonance in the high speed
region is very nearly linear while the response in the low speed region is
obviously very non-linear. The non-linear response that occurs in this
region is evidently due to a reduction in spin rate that accompanies

the large amplitude deviation in angle of attack. Spin rate reduction
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is shown in Figure S54. This spin rate reduction is due to the rolling

moment produced by the side forces acting at the offset c.g. The vehicle
maintains a coning rate approximately equal to the spin frequence

80 that the vehicle x and y axes maintain the same general orientation
relative to the angle of attack plane (plane formed by the vehicle

X body axis and the relative velocity vector). For the three cases shown
the vehicle maintained an orientation with the negative y body axis lying
near t‘he angle of attack plane so that a negative rolling moment was
produced by the side force. Further work needs to be done to determine
whether or not the vehicle will always settle into this orientation so
that the spin rate is always reduced or if it is possible for the

vehicle to remain with the positive y axis oriented within the angle

of attack plane so that the spin rate will be increased.
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3. Roll-Pitch Frequency Analysis

Roll-pitch frequencies have been computed for the nominal trajec-
tory and for several off-nominal cases. These frequencies are those which
will appear on the body axes. The off-nominal cases considered are center
of gravity off-sets of 0.2 and 0.3 inches and a center-of-pressure loca-
tion which is more aft than that used in the nominal case.

8. Method

The method used for calculating the roll-pitch frequencies is
a modification of the equations developed by Phillips in Reference 95.
Phillips developed the equations for a case where the mess could be
assumed to be distributed in a plane, as for an airplane. Using the same
approach, equations have been derived for the case of the mass distributed
symmetrically about the longitudinal axis of the body.

Since the reentry body being analyzed herein is both aero-
dynamically and inertially symmetriec about the spin axis, the equations
can be further simplified by combining the terms containing the aero-

dynamic moment. These conditions result in the following equation for

body fixed frequencies.

1
2
no= p{w2+2'_a-2-a~+; .t—é- (0=2) /(2 +4w?)

/2

J
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whére: ..ﬂ.' = the high body frequency
_(12 = the low body frequency
¢ = the non-spinning pitch frequency divided by the spin
frequency
0" = the ratio of roll inertia to pitch inertia = 0.762
P = the spin frequency
Before proceeding to the numerical analysis of this spinning
body some of the characteristics of the above equation will be discussed.
When: & = 0 (corresponding to no aerodynamic moments) the equation
reduces to
.ﬂ-, = P '
nz- (1L-0)Por (oo-1)P

These are the spin frequency and the coning frequency for a

spinning body in a vacuum.

When <) -» @ (corresponding to a case of zero spin rate)
both frequencies approach « , indicating that only the non-spinning pitch
frequency is present. |

Roll-pitch resonance can occur when either of the frequencies
become equal to zero. Since the high frequency is always
equal to, or larger than, the spin frequency, this can only occur for the
low frequency. It can be shown that the low frequency can never be less
than zero but it can equal zero. The latter case represents roll-pitch |

resonance and occurs when «w = V 1- O
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Substituting the inertia ratio into the frequency equation

provides a numerical equation for the two frequencies as follows
f

2

n, Z=P[w2+ 0.5287 *\[0.2225 +1.532¢ e? }
1,2

A plot of this equation is presented in Figure 55. The low
frequency goes to zero at & = 0.486 indicating roll-pitch resonance at
this value of /.

b. Results for Nominal Case

FigureS8 presents a time history of « for the nominal trajec-
tory (Pigure5®) and for several off-nominal conditions. For the nominal
trajectory, a spin rate of three cycles per second was used. For the

cases with a CG off-set, the spin rate was taken from FigureSlhli For

these cases the spin rate steadily decreased after 220 seconds.

The frequency ratio for the nominal trajectory passes through
roll-pitch resonance at 120 seconds and again at 236 seconds. The time
spent near the resonant condition is short and the buildup in angle of
attack is small as shown in figureSL For the cases with mass unbalance

a small increase in angle of attack is noted near resonance (Figure 52).

c. Results for Off-Nominal éases

The frequency ratio for the nominal trajectory with an aft
center of pressure (Figure 96) is slightly higher than that for the nominal

case. This is, of course, simply due to increasing the static margin,

CR-66037
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"hence making the system stiffer. Using the aft center of pressure does
not produce catastrophic roll-pitch resonance; however, it can be seen
that the aft CP in conjunction with a CG arf-lét could cause a resonance
condition for a considerable period after about 260 seconds.

The effects of CG off-set on the frequency ratio are profound
et the lovw speed end of the trajectory. This is due to a sigaificant
reduction in spin rete after 220 seconds. The spin rate at 280 seconds
is 2.1 cps for the 0.2 case and 0.23 cps for the 0.3 case. Although
neither of the cases shovn herein seem to have a roll-pitch resonmance
problem per se, it appears from these data that some combination of CG
off-set and/or static margin, vithin the range of values considered, could
very vell produce a resonant condition for all or part of the period after
260 seconds.

The reduction in epin rate is caused by a rolling momsnt due
to sideslip. As the angle of attack builds up after 220 seconds, the
angle of sideslip tends to be biased in a positive direction. This pro-
duces a side force which éauses a rolling moment since the force does not
act through the center of gravity. Positive bias of the sideslip angle
occurred for all of the cases vith a CG off-set and may "oe an inherent
characteristic of the body in the lowv speed flight regime.

The body frequencies are presented in !‘15\&03 57 and 58 for the
nominal trajectory with a spin rate of 3 cps. These frequencies vere.

obtained from the data presented in Figures 55 and 56. As discussed
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above, roll-pitch resonance occurs when the low frequency (Figure 57) goes

" to zero. The high frequency can never produce resonance although it is

near the spin frequency for a comsiderable portion of the flight.
4. Conclusions
The results of this analysis show that roll-pitch resopance
is not a problem for the cases considered. However, there is a potential
problem area at the low speed end of the flight. Roll-pitch resonance
could develop in this area if the static margin is too large or for some

combination of static margin and CG off-set within the range considered.
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CONCLUSIONS

In keeping with the major divisions of this report the following conclusions
are drawn:

A. Aerodynamic Stebility Analysis

1. Aerodynamic stability coefficients have been predicted for a 25°

blunt and sharp cone using data available from technical literature.

2. "I'he accuracy of prediction is considered to be generally good for
Mach numbers greater than wmity.

3. A marked discrepancy was discovered between data of References 1 and 8
for X.p and Cy,  at subsonic Mach numbers. This lack of correlation renders
an accurate prediction.impossible based on these data.

k. The most notable information void exists for dynamic stability data

at all Mach numbers and angles of attack.

5. Although much data are available for a wide range of sphere-cone configurations

and flow parameters, much additional data are needed before these parameters
can be completely correlated to allow accurate interpolations.

B. Presgsure Distribution Analysis

1. Complete pressure distribution data have been predicted for a 25°
spherically blunted cone at Mach numbers 4, 10 and 15 and at angles of attack
0, 5, 10 and 15 degrees.

2. A general method of pressure prediction at angies of attack was
developed using axi-symmetric sphere-cone characteristics solutions and an
adjustment for cross flow.

3. The accuracy of the "Modified Tangent Sphere-Cone" method of pressure

prediction is considered good.'
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CONCLUSIONS (Continued)

1.

C. Impact Dispersion Study

The entry angles which correspond to one, two and three
sigma total range deviations of 40O n.mi. were determined
to be -3.4k, -k.53 and -5.77 degrees, respectively.

These angles are based on typical Scout booster vehicle
burnout deviations.

The accuracy analysis performed on the -4.53 degree entry
angle trajectory produced burnout deviations which are

very similar to the deviations used in the impact dispersion
study which were derived in an earlier Scout re-ent;ry
accuracy analysis for an entry angle of -7.0 (Reference 92).
For entry angles in the range investigated the impact range
deviations are not symmetrical and the down range or
positive range deviation is larger than the up-range

or negative range deviation.

Reentry Dynsaics Study

1.

2.

A center of gravity located 0.32 dismeters foward of the
base is a satisfactory aft limit. |

Tip-off affects only the initial, low dynn1¢ pressure,
flight regime. A 2 lb.-sec. tip-off produces an angle of
attack of 3 degrees vhich damps to zero 160 seconds after
burnout .

The effects of mess unhelance appear near the roll-pitch
resonant point. A 50 oz-in? mass unbalance causes a 1.6

degree increase in angle of attack 118 seconds after burnout.
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4. A center of gravity located off the axis of symmetry can
bave a profound effect on the body motions in the low
speed flight regime. An off-get of 0.2 in. appears
acceptable but a value of 0.3 in. causes very large

excursions in angle of attack.
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TABLE I - PART B

Summary of Reports Presenting Theoretical Results

The following references include a development of an applicable
theory for various types of bodies. A short summary including the
theoretical approach, data presented, and limitations of the theory is
presented here.

Ref. 3 - An empirical compilation of aerodynamic loads on sharp
cones and cone-cylinders in the transonic Mach number
range are presented in design chart form.

Ref. &

A solution of the Taylor-Maccoll sharp cone equations for
cone angles up to 30° and supersonic Mach numbers.

Ref. 5 - This report presents little new information but does compile

many reports together for comparison. The range of material
covered is very broad.

Ref. 6 - This report presents a solution of the equations derived
by A. H. Stone which applies an angle of attack perturbation
to the Taylor-Maccoll equations. The range of parameters
are the same as in Reference 4. First order solutions for
angle of attack dependent variables are presented in derivative
form.

Ref. 7 - Closed form solutions for force and moment derivatives for

cones in supersonic flow vwere obtained from an integration

.0f the potential flow equations. First and second order theories
are presented.

Ref. 11 - A computer routine for the computation of aerodynamic characteristics
of arbitrary bodies using Newtonian impact theory is presented.

Ref. 12 - An approximate solution of the axially symmetric transonic
equations, valid for a semi-infinite cone, is presented.

Ref. 13 - The hypersonic similarity parameter is employed to correlate
sharp cone solutions for all supersonic Mach numbers and cone
angles up to 50°. The sharp cone solutions were obtained
from Reference 4 and Reference 6.

Ref. 19 - A numerical solution to the compressible turbulent boundary
layer equations are presented for adiabatic and non-adiabatic
flat plates.

Ref. 21 - Base pressure drag and forebody drag data are presented for

sharp and blunt cones for all Mach numbers. The data vere
obtained from a correlation of many test results. An accuracy
estimate is not included.
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Similarity parameters correlating normel force and pitching
moment coefficients for many sphere-cone configurations

are presented. These parameters were derived from Newtonian
flow equations, hence are good only for high Mach numbers.

Charts for determining aerodynamic coefficients on basic
migssile components are presented. The coefficients are
based on Newtonian flow theory and cen be combined for
complex missile shapes.

This report is similar to Reference 25 except that
characteristics for sphere-cones are presented as a complete body.

This report develops a computer routine using the second order
shock expansion theory of Ref. 43 for use with the LTV 7090
computer. Although the theory is inapplicable for dblunt bodies
the routine allows computations to begin at an arbitrary point

by inputting local conditions from another source. Reasonsably
accurate results may be obtained by inputting estimated conditions
at the sphere-cone Jjunction and adding aerodynamic coefficients
for the hemispherical nose.

Other reports, up to Reference 61, not included in either part of this
Table contain specisl information which did not warrant a special discussion
but was nevertheless applicable in some degree to the problem.
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TABLE II - PART B

Summary of Reports Presenting Theoretical Pressure

Distribution Date on Sharp and Blunt Cones

The following references include a development and/or results

of an applicable theory for predicting pressure distribution on a
sharp or dblunt cone. A short summary describing the report contents is
presented here.

Ref. 61

Ref. 62

Ref. 63

Ref. 64

Ref. 66

Ref. 67

Ref. 68

kr L] 75

Ref. 83

Ref. 87

Tabulated data for sphere-cones with cone half angles up to
h0*® are presented for Mach numbers of 3, 4, 6, 10 and infinity.

A semi-empirical method of predicting the circumferential
pressure distribution on sharp cones is developed.

Pressure distribution on a hemisphere is computed for several
Mach mumbers and specific heats. The method is an "inverse"
one vherein a shock shape i1s assumed and the flow equations

are solved for a body shape that yields the assumed shock shape.

An approximate solution to the pressure distribution on a
hemisphere is presented.

A combination of relaxation methods, numerical integration,
and method of characteristics are combined to developa unified
theory for computing the flov field about axi-symmsetric blunt
bodies in supersonic flow.

A mmber of flow field solutions using the method of Reference 68
are presented for sphere-~cones. Real gas solutions are correlated
using the ratio of specific heats behind a normal shock wave.

A method of correlating characteristics solutions for perfect
and dissociated gasses is presented for sphere-cones.

An "inverse" method is employed to compute flow field solutions
about hemispheres in perfect and equilibrium gasses.

Higher order terms are retained in Stones' angle of attack
pertubation of the Taylor-Maccoll equations so that accurate
flow field solutions about a cone at large yaw can be computed.

A first-order solution to the circumferential pressure distirbution
on a sharp cone at small angles of attack is presented.

Other reports, up to Reference 91, not included in either part

of this Table contain special information which did not warrant a special
discussion but was nevertheless applicable in some degree to the problem.
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FIGURE 55
VARIATION OF SPINNING BODY
FREQUENCY WITH PITCH FREQUENCY

g = 0.762

0.2 o.k = 0.6 0.8 1.0 1.2 1.4
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